The patterns in dissolved organic carbon (DOC) photo-mineralization along the freshwater continuum from land to sea are poorly known. Specifically, it has not been resolved how the photo-degradation of DOC into CO 2 (PD) depends on the combination of intrinsic properties of DOC and extrinsic variables that affect the photo-reactions. We measured PD per unit of absorbed ultraviolet light energy (PD-E w ) in headwater streams, lakes, intermediate rivers and river mouths in Sweden. Surprisingly, no trend of decreasing PD-E w was found with decreases in colored DOC. However, there was a relationship between PD-E w and pH, best described by a quadratic (U-shaped) curve, indicating environmental control of photo-reactivity. Interestingly, the highest values for both of these variables were recorded for river mouths. Moreover, PD-E w increased with proxy variables for the amount of autochthonous DOC in the water. Thus, changes in pH and autochthonous DOC input along the continuum may sustain high DOC photo-mineralization throughout continental aquatic networks.
Introduction
Inland waters play a substantial role in generating greenhouse gas emissions to the atmosphere, in part owing to organic carbon mineralization processes (Panneer Selvam et al. 2014; Cole et al. 2007; Tranvik et al. 2009 ). In freshwaters, dissolved organic carbon (DOC) is subject to both bioand photo-mineralization, although the latter has received less attention by the research community. The photochemical oxidation of DOC induced by ultraviolet (UV) sunlight irradiation produces carbon dioxide (CO 2 ), low molecular weight organic acids, partially oxidized recalcitrant DOC, and small amounts of carbon monoxide (Cory et al. 2014; Zafiriou et al. 1984; Cory et al. 2010) . It has been estimated that up to 10% of present greenhouse gas emissions from lakes globally may be generated by photo-mineralization of terrestrially-derived DOC into CO 2 (Koehler et al. 2014) . However, to predict how these emissions may be affected by future increasing loads of terrestrial DOC to inland waters, a better understanding of the controls on photo-mineralization rates along the aquatic continuum is needed.
The relative role of bio-vs. photo-mineralization may vary greatly across seasons and geographic location of aquatic systems. For example, the contribution from photomineralization to the total DOC processing during summer was less than 3% in the water column of a subtropical lagoon (Ziegler and Benner 2000) , but 12% in epilimnia of boreal lakes (Granéli et al. 1996) and as much as 70-95% in arctic lakes and rivers (Cory et al. 2014) . Seasonally, Vachon et al. (2016) found that the proportion of lake pelagic CO 2 produced due to photo-mineralization was higher in spring compared to in summer. There are indications that dark environments such as soils, ice-covered lakes, or deep hypolimnetic water accumulate photo-sensitive DOC compounds that can later be rapidly degraded upon light exposure if mobilized (Gonsior et al. 2013) . Theoretically, DOC photo-mineralization depends on a combination of intrinsic factors (presence of photo-sensitive DOC) and extrinsic variables (e.g. ions in the water affecting light absorption and radical formation). However, there is no consensus on the main causes of the variability in DOC photo-mineralization in nature. Most studies so far have focused on DOC properties, but the rates of photo-mineralization may largely be controlled by combinations of intrinsic photochemical reactivity of the DOC and extrinsic water chemistry variables (Pace et al. 2011; Porcal et al. 2014) , as well as spatial and temporal variations in irradiation intensity (Vachon et al. 2016; Cory et al. 2014) .
It is often assumed that the higher the aromaticity and degree of pigmentation of DOC, the more absorption of UV irradiation and thus the higher CO 2 emissions caused by photo-mineralization. Support of this assumption has to some extent been found in comparisons between lakes with different color (Molot and Dillon 1997; Koehler et al. 2016) . High molecular weight substances such as humic and fulvic acids are colored (Mostofa et al. 2013 ) and hence susceptible to photo-mineralization (Benner and Kaiser 2011) . At the landscape level, color and humic DOC fractions generally decrease along the aquatic continuum (Weyhenmeyer et al. 2012) , which might suggest corresponding decreases in photo-mineralization from land to sea. However, such an interpretation is not straightforward, e.g. demonstrated by Koehler et al. (2014) who found that the total light-induced DOC mineralization in the whole water column of clear and brown freshwaters was roughly the same.
Moreover, differences in photo-mineralization have been observed between systems independent of the light absorbing properties of DOC, pointing to a relatively larger importance of extrinsic factors. For example, Cory et al. (2013) found that the specific UV absorbance at 254 nm (SUVA 254 ), which is proportional to contents of aromatic colored DOC, was not clearly related to total ecosystem-level absorption of UV irradiation by colored DOC or subsequent light-induced CO 2 production. Reche et al. (1999) found that increase in alkalinity was related to higher UV light absorption by colored DOC and Pace et al. (2011) noted that increases in pH per se enhances both UV irradiation absorption by colored DOC and subsequent photochemical reactions. Additionally, nitrate and nitrite affect photo-mineralization positively by catalyzing hydroxyl radical formation due to UV light, although the concentration of nitrite is low compared to nitrate in freshwaters (Zepp et al. 1987; Porcal et al. 2014) . Finally, Porcal et al. (2014) is an example of several studies showing that DOC photo-mineralization can be particularly high when iron concentrations are high, especially in combination with extremely low pH. Hence, better understanding of both intrinsic and extrinsic factors driving the DOC photo-mineralization will favor improved predictions of the fate of DOC as it transits continental watersheds with contrasting environmental conditions.
In this context, the aim of the study was to determine the variation in photo-reactivity (photo-mineralization per unit absorbed light) with decrease in color and humic substances along a gradient of naturally changing extrinsic variables (pH, iron, nitrates) and organic matter loading in the aquatic continuum from land to sea. We explored the regulation of this photo-reactivity by both intrinsic and extrinsic factors. This was done by performing photo-decay experiments with water from different aquatic systems in different regions of Sweden. In addition, we performed one-year biological incubations on selected samples to test the long-term effect of microbial degradation on the DOC photo-mineralization potential.
Materials and methods

Study site
In order to study wide ranges in variability of extrinsic variables and color, water samples were collected from headwater streams (n = 34), lakes (n = 23), intermediate rivers (n = 4) and river mouths (n = 10) located in Sweden ( Fig. 1 ). Water samples from headwater streams were collected during 2012 (spring, summer and autumn) and 2013 (spring). The headwater streams are located near Skogaryd (58°22′N, 12°9′E) and Umeå (64°14′N, 19°46′E) and their catchments are either dominated by forest or a mix between forest and peatland. Lake water samples were collected from the epilimnion (1 m below the surface of water) near Umeå (64°14′N, 19°46′E) during spring, summer and fall 2012. Water samples from intermediate rivers were collected during 2012 (spring) from Skogaryd (58°22′N, 12°9′E) and Abisko (68°20′N, 18°58′E). River mouth samples were collected from the outlet of 10 Swedish rivers during summer 2013 at approximately 30 cm depth. The rivers are located between latitudes 55°N and 65°N latitudes along a 1300 km north-south gradient. These rivers drain catchments with mountains, forests and wetlands in the north and catchments with significant fractions of agricultural land and urban areas in the south. Samples were refrigerated during transport and stored close to 1 °C until further analysis. Samples were analyzed for DOC using Shimadzu total organic carbon analyzer 5000 (Kyoto, Japan), pH was measured in the laboratory using a Mettler Toledo DGi117-water or Mettler Delta 340, dissolved iron (Fe) was measured in filtered and acidified samples using ICP-MS and ICP-AES analysis, and finally, nitrates (NO 3 + NO 2 ) were measured using a HACH-IL 550 TOC-TN.
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Long term incubation experiment
To determine the effect of increases in water residence time on photo-mineralization, the impact of microbial processing of DOC on photoreactivity and interactions between photomineralization and intrinsic DOC properties, we performed a long-term microbial degradation experiment in which the DOC was gradually degraded and transformed while variability of extrinsic variables was low. In these experiments 500 ml of samples from lake and headwater streams were incubated in 1000 ml Duran glass bottles at 20 °C under dark condition for 1 year. The bottles were opened every two months to oxygenate the water. The DOC concentration, optical properties and photo-reactivity were analyzed at the beginning and at end of the incubation.
Optical DOC characterization
The DOC absorbance was measured from 200 to 800 nm using a Shimadzu UV-2600 UV-VIS spectrophotometer.
Later, decadic absorbance coefficient (α) (Hu et al. 2002) was converted from cm −1 to m −1 by dividing the path length in meters. Using a Cary Eclipse Fluorescence Spectrophotometer, excitation was performed from 230 to 450 nm by 5 nm increments and emission was measured from 260 to 600 nm by 2 nm increments to generate excitation emission matrices (EEMs). The EEMs were corrected for instrument specific biases and inner filter effect, and were normalized to the Raman water peak using FDOM correct toolbox for MATLAB (Murphy et al. 2010) . The freshness index (FRESH; an indicator of freshness of the DOC) (Parlanti et al. 2000) , fluorescence index (FI, an indicator of the origin of fulvic acids) (McKnight et al. 2001 ) and humification index (HIX, a humic substance indicator) (Zsolnay et al. 1999) were calculated from the corrected dataset. Further, we calculated specific absorbance at 254 nm (SUVA 254 , L mg C −1 m −1 , an index of the intensity of absorbance by unit DOC) by dividing the absorbance at 254 nm by DOC (Weishaar et al. 2003) . Colored dissolved organic matter (CDOM, m −1 , Naperian units, an indicator of the concentration of terrestrial, colored DOC) was calculated by dividing the absorbance at 440 nm by path length of the cuvette in meters and multiplied by 2.303 (Cuthbert and del Giorgio 1992) . Finally the ratio of absorption at 254 nm and 365 nm, respectively (a254/a365) was used as an indicator of decreasing molecular weight of the DOC (Ågren et al. 2008 ).
Photochemical reactivity
The filtered water samples for photochemical reactivity measurements were incubated under UV irradiation (3.64-6.89 Wm −2 for UV-A and 0.06-0.1 Wm −2 for UV-B) for 48 h. More details of the experiment are available elsewhere (Panneer Selvam et al. 2016) . Briefly, 10 ml aliquots of the filtered water sample were filled in 20 ml quartz vials and the remaining 10 ml (headspace) was filled with a synthetic air mixture. For each sample, two vials were kept as control and acidified immediately with 0.1 ml of concentrated H 3 PO 4 and two additional vials were incubated at 20 ± 1 °C under UV irradiation for 48 h. After irradiation, samples were acidified with 0.1 ml of concentrated H 3 PO 4 to convert the dissolved inorganic carbon (DIC) in the vials to CO 2 , shaken for a minute, and then left for a day to attain equilibrium. After equilibrium, 5 ml of the air samples were injected into EGM-4 infrared gas analyzer (PP systems, Amesbury, MA, USA) to measure the CO 2 in headspace, and the DIC was calculated by accounting for the partitioning of CO 2 between the headspace and liquid phase of the sample. The DIC produced during incubation was calculated as the difference between the DIC observed after incubation and DIC from the control vials. The photo-degradation of DOC per unit of absorbed light energy, PD-E w , was calculated to determine the photodegradation rate (PD) relative to the total irradiated energy absorbed by the study system (E w ). Most previous studies have focused on the absolute quantity of DOC degraded by the UV irradiation (which increases with optical density), but PD-E w is a relevant variable since clear-water and brown-water sites in nature absorb a similar amount of total light over the whole water column (Koehler et al. 2014 ). Since PD-E w is not affected by the optical density per se (absolute color), it is an important parameter for modeling the CO 2 emissions caused by the total light absorption in the water column. Given that high energy-low wavelength photons are more reactive than low energy-high wavelength photons, we standardized PD to the total quantity of absorbed energy following Bertilsson and Tranvik (2000) . The calculation has been explained in detail elsewhere (Bertilsson and Tranvik 2000; Panneer Selvam et al. 2016) . Briefly, the calculation was based on the total absorbed energy (E w ) (Bertilsson and Tranvik 2000) of each sample between 300 and 550 nm where the major photo-mineralization process occurs (Vahatalo et al. 2000) .
The E w (J m −2 ) was calculated based on the lamp energy in Wm −2 (I 0λ ), incubation time in seconds (T UV ) and the average absorption of irradiation in the quartz vials at a specific wavelength ([1-10 −α ] λ ). In order to account for the impact of self-shading within the quartz vials, we horizontally divided the quartz vial into ten different sections (see details in Panneer Selvam et al. 2016 ) and calculated the mean irradiation path length of different section of the vial (L, cm) at each wavelength (Eq. 2).
It should be noted that the mean vertical pathlength in our horizontally-placed sample vials was short (0.81 cm) and does not represent the total depth of the water column that would be irradiated in nature. Thus our photo-reactivity variable PD-E w informs quantitatively about the photo-reactivity per unit of total light absorbed in 0.81 cm depth intervals of the water column in nature.
Statistical analyses
One-way analysis of variance (ANOVA) and Tukey posthoc test was used to analyze the differences between the different optical properties and PD-E w in the different aquatic ecosystems. In the case of long term incubation, we used paired t
test to determine if there was a significant difference in DOC composition and DOC photoreactivity between the start and end of the incubation. These statistical tests were performed in IBM SPSS 22 (IBM Corp., Armonk, NY, USA).
Results
In the different types of freshwaters that we sampled along the aquatic continuum, the CDOM decreased strongly from lakes to intermediate rivers and to river mouths (Fig. S1 ), but there was no significant change from headwater streams to lakes. Further, these different aquatic ecosystems showed systematic and statistically different intrinsic properties of DOC (see Fig.  S1 and Table S1 ). Most notable, river mouths had higher a254/ a365 and lower SUVA 254 than all the other sampled aquatic ecosystems, suggesting that a colored fraction of DOC was preferentially lost during downstream transport. River mouths also had higher FRESH than headwater streams and lakes. With regard to changes from headwaters to lakes, streams from forest had higher a254/a365 than lakes. The FRESH and a254/a365 decreased from headwater streams to lakes, and increased from intermediate rivers to river mouths (Fig. S1 ). Regarding the extrinsic environmental controls, river mouths had higher pH and NO 3 + NO 2 than the headwater streams and lakes while Fe showed no clear difference between any of the aquatic ecosystems.
The long-term incubation conducted to investigate interactions between photo-mineralization and intrinsic DOC properties showed that the a254/a365, CDOM and FI decreased, while SUVA 254 and, surprisingly, FRESH increased over time (Fig. 2, Table S2 ).
In the field data, river mouths and forest headwater streams showed no significant difference in PD-E w but river mouths showed higher PD-E w than the peat headwater streams, lakes and intermediate rivers (Fig. 3) , demonstrating higher DOC photo-reactivity. Further, forest headwater streams had higher PD-E w than the lakes. In the long term incubation data, the PD-E w did not differ between the start and at the end of the incubation (Fig. 2, Table S2 ). Therefore, in ambient as well as in experimental conditions, there appear to be mechanisms that replenish a photo-reactive DOC pool.
When combining all field data, PD-E w was positively correlated with absorption ratio, FRESH and FI, but weakly and negatively correlated with SUVA 254 and CDOM (Fig. 4) ; all of these trends are in the opposite direction than what would be expected if there was intrinsic control of the photo-reactivity. In the case of extrinsic variables, pH showed U shaped relationship with PD-E w as indicated by the polynomial curve (Fig. 4f) , Fe was negatively correlated with PD-E w but NO 3 + NO 2 were positively correlated with PD-E w (Fig. 4g, h) . 
Discussion
Terrestrial lateral export of DOC is increasing with global warming (IPCC 2013; Smith 2005, Frey and McClelland 2009) , and mineralization processes in inland waters play a key role for determining the degree by which this carbon is lost to the atmosphere rather than exported to coastal regions. We found that river mouths, which represent the extreme end-members in terms of land-water connectivity, had higher DOC photo-reactivity than most of the other aquatic ecosystems studied in the boreal landscape (Fig. 3) . This contrasts some previous results which have shown that the DOC photo-reactivity tends to decrease as DOC is lost with increasing water residence time because of the increase in DOC exposure to sunlight and preferential loss of the aromatic, photo-reactive fractions of DOC (Molot and Dillon 1997; Koehler et al. 2016) .
It has been suggested that the rate of DOC photo-mineralization is proportional to CDOM and SUVA 254 , based on the reasoning that DOC first has to efficiently absorb light in order to be degraded (Benner and Kaiser 2011; Lapierre and del Giorgio 2014) . However, recent empirical evidence demonstrates that the photo-mineralization of DOC can to various degrees be correlated to CDOM or to SUVA 254 in natural environments, with relationships ranging from weak or absent (Cory et al. 2013) to relatively strong (Koehler et al. 2016) . Our results further show that the photo-mineralization of DOC can in fact be weakly negatively correlated with CDOM and SUVA 254 along our gradient of changing environmental conditions in the aquatic continuum (Fig. 4) . Thus the intrinsic DOC properties that govern its color and aromaticity may influence the patterns DOC photo-reactivity to variable degrees across studies, but other (extrinsic) factors can be equally important.
It is well known that a range of extrinsic variables affect the photo-reactivity, and that classification of DOC as photoreactive or as photo-refractory is problematic. For example, Gonsior et al. (2014) showed that dissolved organic matter fractions which have traditionally been classified as photorefractory in fact can be potentially photo-reactive if the circumstances allow, evidenced by their reactivity when exposed directly to reactive oxygen species. In this regard, the positive correlation of PD-E w and a254/a365 in this study suggests that low molecular weight substances may also be photo-reactive under certain environmental conditions. This is opposite to the pattern found by Koehler et al. (2016) in their study of lakes only, where DOC with high spectral slopes had low photo-reactivity. In our study, we observed higher PD-E w in forest headwater streams (with high a254/a365) than in lakes (with low a254/a365), and higher PD-E w in river mouths (with high a254/a365) than in most of the other aquatic ecosystems. Further, the freshness index (FRESH), which indicates recently produced DOC of plant or microbial origin, was significantly higher in river mouths than in headwater streams and lakes (Fig. S1 ). Possibly, the DOC in river mouths might not have an exclusive upstream origin, but could also be formed by phytoplankton or other algae during photosynthesis in river mouths, or from the breakdown of larger molecules into smaller molecules throughout the aquatic continuum (Creed et al. 2015) .
A core result of this study is that extrinsic factors exert control on the broad scale patterns in the photo-mineralization of DOC, and our results suggest that pH may be one such factor (Fig. 4f-h) . The CDOM comprises double bond elements like carbon, nitrogen and oxygen, and these double bonds get stronger at low pH (Gennings et al. 2001; Larson and Weber 1994) because of the more stable and compact form of the molecules in their protonated stage, leading to more efficient absorption of the most energy rich low-end wavelength radiation. This likely explains why Anesio and Granéli (2003) found relatively higher photomineralization at pH descending below 4. There is also a well-known interaction effect between low pH and Fe that increases the photo-reactivity (Gu et al. 2017 ). However, Pace et al. (2011) found higher photo-bleaching rates at alkaline conditions, compared to neutral pH, because the size of polymers and colloids dramatically expands, hence the DOC interacts with a larger amount of UV irradiation at a maximum level of deprotonation. In our study, pH ranges from 3.7 to 7.6 and speculatively we appear to capture both effects, i.e. photo-reactivity increase in both ends of the pH scale, resulting in a U-shaped relationship between pH and PD-E w (Fig. 4f ). This quadratic curve explains roughly twice as much variability as a corresponding linear or exponential curve, signifying that the U-shaped curve has significantly better fit, but it can be noted that the relationship is not symmetrical as the decrease in photo-reactivity from 3.7 to ca 6.5 is relatively flat compared to the steeper increase occurring around a pH of 7.
The oxidation by short-lived and highly reactive hydroxyl radicals plays an important role in the photo-mineralization of DOC and the hydroxyl radical formation is catalyzed by the presence of NO 3 − (Haag and Hoigne 1985; Molot et al. 2005) . However, we found only a weak positive correlation between PD-E w and NO 3 + NO 2 (Fig. 4) , which was likely due to the high CDOM content in lakes and forest headwater streams (Fig. S2 ) that interfered with light absorption by nitrate. The CDOM has been shown to absorb irradiation at the same wavelengths as those which induce hydroxyl radical production via NO 3 − , hence higher concentrations of CDOM suppress NO 3 − production of hydroxyl radicals (Haag and Hoigne 1985) . Likewise, Fe has been shown to increase the water color and absorbance of UV irradiation (Canfield et al. 1984; Maloney et al. 2005 ), but we found a weak negative correlation between Fe and PD-E w (Fig. 4) . Porcal et al. (2014) found very high photo-mineralization of DOC when the concentration of Fe was high combined with low pH. In our study, the high pH values of river mouths (Fig. S2) could have affected the influence of Fe on PD-E w because decreases in the hydroxyl radicals (byproduct of Fe photoreaction) have been shown with increases in pH (Zepp et al. 1992; Molot et al. 2005) . Overall, these results suggest that pH may be the dominant extrinsic driver that controls the photo-reactivity of DOC along the aquatic continuum in our case, but additional experiments are needed to confirm that this relationship is causal.
When samples were incubated in the laboratory for 365 days, we observed losses in CDOM but no significant change in the PD-E w between the start and end of the incubation. This shows that when extrinsic factors are held constant, microbial degradation of DOC does not lead to an overall decrease in PD-E w . However, the microbial processing clearly affected DOC composition, as SUVA 254 increased during the microbial incubations. This increase in SUVA 254 indicates a net preferential microbial consumption of relatively less colored DOC or production of humic substances by bacteria (Guillemette and del Giorgio 2012) . However, in the field data along the land-sea continuum, SUVA 254 showed no corresponding increase during transit in the aquatic network, likely because the potential microbial positive effect of SUVA 254 was counter-acted by the negative effect on SUVA 254 by the photo-processing that occurred in situ (Fasching and Battin 2012) . Interestingly, the FRESH index increased significantly both in the natural downstream gradient toward the river mouth and over time in our incubation study, possibly because of bacterial production of fresh fluorescent DOC (Guillemette and del Giorgio 2012).
Thus, in both the in situ and long term incubation measurements we observed significant decreases in CDOM but no continuous significant decrease in PD-E w over time or along the flow paths. However, in ambient conditions we observed first a significant decrease in PD-E w , but only from headwater streams to lakes (Fig. 3) , after which the PD-E w increased again toward the river mouths. River mouths showed higher pH than other aquatic ecosystems (Fig. S2 ), which most likely increased the absorption of light by high molecular weight colored DOC (Pace et al. 2011; Reche et al. 1999) . Overall, the most colored DOC fractions were effectively removed from the aquatic ecosystems, reflected for example by the decrease in CDOM along the aquatic continuum. However, as these highly colored DOC molecules were lost photo-reactivity did not decrease but instead showed positive correlations to increasing a254/ a365 and FRESH along the land-sea continuum (Fig. 4 ). This indicates that both low and high molecular weight DOC are photo-reactive, but the quantity of the carbon that undergoes photo-mineralization is influenced by extrinsic variables like pH.
Our study demonstrates how pH may control patterns in the capacity of terrestrial DOC to be photo-mineralized along the freshwater continuum, regardless of the color of the DOC. This challenges the view that DOC photo-reactivity in nature is tightly linked to its ability to absorb light, and suggests that the photo-reactive DOC pool is susceptible to changes in pH along the aquatic continuum. These findings imply that (1) a substantial fraction of the carbon flowing in inland waters remains highly degradable throughout the continental freshwaters network and (2) that rivers act as a potential contributor of highly photo-reactive DOC to receiving coastal and marine systems. This study improves our understanding of the role of freshwaters in regional carbon budgets under scenarios of changing delivery of carbon from land to water.
